Energy-effective hovering and active flight control are of paramount importance for the usefulness of Flapping Wing Micro Air Vehicles (FWMAVs). Recent studies have focused on separate parts (e.g., wing planform design, wing kinematics, or flight control) rather than on the complete system. This work presents a combined approach to find an optimal wing design (i.e., wing planform and pitching kinematics) for energy-effective hovering and roll control. Relatively simple mathematical descriptions are used for the kinematics, the aerodynamics and the roll motion to allow its use in optimization techniques. Results show that the wing design depends significantly on the relative importance of either energy-effective hovering or effective roll control during the optimization. The roll control effectiveness increases if the wing area around the wingtip is increased to push the center of lift outwards. Additionally, we show that the most effective control variable, to enforce the required body moment for the roll motion, depends strongly on the wing design. In conclusion, flapping wing design requires, in general, a combined approach to guarantee both energy-effective hovering and effective roll control.
INTRODUCTION
Research on the design and realization of Flapping Wing Micro Air Vehicles (FWMAVs) has increased significantly over the last decade, stimulated by commercial, military and research applications. The demanded small size and agility makes FWMAV designs especially suitable for indoor tasks. Since nature, and in particular insects, shows remarkable hovering flight performance, astonishing agility and efficiency, it serves as important design inspiration for FWMAVs [1] . This has resulted in FWMAV designs which use insect-like structures to actuate their wings [2, 3] .
Active flight control is of paramount importance for the practical use of FWMAV designs. Insects demonstrate sophisticated flight control mechanisms that permit effective maneuvering. However, due to the current lack of aerodynamic load data in studies carried out on maneuvering insects, a formal, quantitative analysis on insect flight control can not be made [4] . It is known that insect muscles can be separated into two functionally distinct classes: power muscles and control muscles [5] . The large power muscles provide the mechanical energy required for the main flapping motion and the small control muscles provide the energy to rapidly alter the wing kinematics while maneuvering [6] . An effective FWMAV flight control mechanism design would be obtained if one was able to mimic the control mechanisms found in insects. This work assumes flight control by the flapping wings themselves without introducing, for example, an additional control surface such as a tail.
To allow for energy-effective hovering and control of a FWMAV, one needs to obtain the required lift and body torques while consuming a minimum amount of power. To achieve this, one has to determine three things: (1) the optimal wing planform design, (2) the optimal hovering flapping kinematics, and (3) the most effective control action for the required body torque. Much analytical, numerical and experimental work has been done on the wing planform design and the wing flapping kinematics (e.g., [7, 8, 9, 10, 11, 12] ). This has resulted in wing planform designs and wing flapping kinematics which produce sufficient lift for hovering while consuming a minimum amount of power. The control of insect-based FWMAVs has also been studied. Control methods to acquire body torques to either roll, pitch or yaw a hovering FWMAV have been presented in previous research [13] . Deviations in the stroke amplitude, stroke plane angle, angle of attack, speed and timing of wing rotations, and interactions between foreand hindwings all contribute to body torques. Although some of these control methods are redundant when it comes to providing body torques, it seems likely that insects use them synchronously to provide finer control [4] . Asymmetric wing kinematics can be obtained by introducing small control actuators which alter the kinematics of each wing independently to modulate body torques. Several insect-scale robotic designs have been presented which are capable of producing these asymmetric wing kinematics [14] . In other work, body torques are acquired indirectly by modifying the passive impedance properties that couple power stroke motion to the angle of attack of the wing [15] , demonstrating that a passive-dynamic design and control approach could reduce the mechanical complexity, weight and power consumption of a FWMAV design.
Unfortunately, little attention has been paid to a combined approach to find an optimal wing design (i.e., wing planform and flapping kinematics) for energy effective hovering and for effective control. The focus has been on the separate parts of the FWMAV design rather than on the whole system. Additionally, this combined approach might result in a more specific wing design in contrast to previous work which has shown various wing designs with similar performance if one considers only lift production and energy-efficiency [16, 17] .
This work presents a combined approach to find an optimal wing design and optimal flapping kinematics for energy-effective hovering flight and for effective control. As a first step, we consider the wing planform design, the wing pitching kinematics, and the requirement for effective roll control, while demanding power-effective hovering flight. This leads to a tool for FWMAV designers to choose the wing planform design and wing pitching kinematics which result in energy-effective hovering and roll control. The present study is of general interest since requirements on energy-effective hovering flight and control are universal in FWMAV designs.
In this work, a basic definition for roll is used to obtain a clear understanding of the interaction between the wing planform design, the pitching kinematics and the required roll control. Additionally, a relatively simple aerodynamic model is used to determine the aerodynamic loads during the flapping motion. The aerodynamic model requires the wing to be divided into a number of strips. The pitching kinematics of the individual wing strips are determined independently, which, consequently, might lead to twisted wing designs. Section 2 presents a quasi-steady aerodynamic model to determine the aerodynamic loads during hovering flight. These loads depend on the wing kinematics and the wing planform, which are described as well. Additionally, we present a general formulation of roll due to asymmetric wing loading, followed by a combined optimization formulation to find an optimal wing design for effective hovering and roll control. In Section 3 we show and discuss the results of this combined optimization. Subsequently, the most sensitive control parameter to maximize the asymmetric wing loading to enforce a roll motion is determined. Section 4 presents concluding remarks.
METHODS
This section presents a model to determine the aerodynamic loads on a wing planform design with specific flapping kinematics. In addition, we present a model to describe the roll motion of a FWMAV. We combine both models to find the optimal wing planform and optimal hovering pitching kinematics for energy-effective hovering flight as well as effective roll control. The wings of a hawkmoth (Manduca sexta) serve as a reference because it corresponds to the intended size of the considered FWMAV design (i.e., a wingspan of 0.1 m, [3] ). This FWMAV design is insect-inspired, four-winged and based on a fully compliant, resonating structure.
Aerodynamic model
The choice of the aerodynamic model depends on its final purpose and is a compromise between computational time and accuracy. The aerodynamic model should be able to relate wing planform design and wing flapping kinematics sufficiently accurate to the overall wing performance (i.e., average lift force and average required power). Quasi-steady and fully unsteady methods are both suited for this purpose [18] . The computation time of the quasi-steady methods is much shorter, but the accuracy of the fully unsteady methods is better. This work uses a semi-empirical quasi-steady aerodynamic blade-element model [19] which applies empirical corrections, based on experimental data for a hovering hawkmoth, to reduce modeling limitations. Additionally, the span-wise flow over the wing is neglected. As opposed to the more computationally costly unsteady methods, this model is well suited for optimization. The model determines the overall wing performance accurately provided the parameters of a hovering hawkmoth are used. As a consequence, model accuracy is not guaranteed if the model parameters deviate from the reference planform and kinematics of a hovering hawkmoth.
The aerodynamic model uses the blade-element assumption, which means that the aerodynamic loads on the wing are determined by the sum of the loads on many small strips along the wingspan. The individual strips are rigid, so there can be no chordwise bending. Model variables include the length of the wing, the chord length and width of the individual wing strips, the kinematics of each strip, the flapping frequency, the mass of the entire wing, the density of the surrounding fluid, and empirical correction terms. The resulting aerodynamic loads are caused by circulation, inertia due to added mass and viscous dissipation. Since the aerodynamic loads depend on the dimension and kinematics of the individual wing strips, this aerodynamic model relates the wing planform design and wing flapping kinematics to the overall wing performance.
Parameterized wing planform
Based on the choice of the aerodynamic model, the wing is divided into n small, infinitely stiff strips. Figure 1 shows a typical FWMAV wing design, where n represents the number of strips, R the wing length, and c r the chord length of the r th wing strip. The wing length is fixed in this study and equal to the wing length of a hawkmoth (i.e., R = 51.9 mm, [20] ). The leading edge, which drives the wing, is assumed to be infinitely stiff. To relate the overall wing performance to the wing planform design, the chord length, c r , of the individual wing strips is a design variable, resulting in a large number of possible wing planforms. Based on the average chord length of a hawkmoth, which is 18.3 mm, [20] , the range of the design variable values for the chord length is taken as 5 ≤ c r mm ≤ 25. In this study the wing is divided into 10 strips to reduce the number of design variables and to allow for a better visual interpretation of the wing performance in a later stage. The difference in total average lift force for a wing divided into 10 strips compared to a wing with 1000 strips is less than 2 %, which justifies this choice.
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Wing flapping kinematics
Sinusoidal harmonic formulations are used to prescribe the wing flapping kinematics. Although empirical research has shown that wing kinematics are not entirely sinusoidal [20, 21] , simple sinusoidal formulations have also been used in previous research as a good first approximation [2, 19] . The main sweeping motion, φ (t), is given by (1) in which φ m , f and t represent sweeping amplitude, flapping frequency and time, respectively. Since φ m and f are not design variables, they are fixed during this study and based on a hovering hawkmoth (i.e., φ m = 60.5˚and f = 26.3 Hz, [20] ). The sweeping angle, φ (t), is shown in Figure 2 . The heaving motion was assumed to be zero during the flapping cycle resulting in a horizontal flapping plane. This assumption corresponds to empirical observations of wing tip paths of hovering insects [22] . This assumption simplifies the mathematical formulation as well as the final FWMAV design.
The pitching motion, η (t), is given by (2) in which η m and Φ η represent pitching amplitude and phase shift with respect to the sweeping motion, φ (t), respectively. The phase shift, Φ η , is taken constant and given by -90˚ [1] , which means that the maximum pitching amplitude η m is reached at midstroke (i.e., at φ (t) = 0). To relate the overall wing performance to the wing kinematics, the pitching amplitude, η r m , of the individual wing strips is a design variable, resulting in twisted wings if the pitching amplitude, η r m , is not constant over the wingspan. The superscript r in η r m refers to the r th wing strip. The range of design variable values for the pitching amplitude, η r m , is 25 ≤ η r m˚ ≤ 89. Identical ranges are used by the developers of this aerodynamic model [19] during their optimization studies. The pitching angle, η (t) is also shown in Figure 2 . The angle of attack is directly related to the pitching amplitude.
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Overall wing performance
The aerodynamic model, the parameterized wing planform design, and the kinematic description are used to determine the aerodynamic loads on a single wing strip as a function of the chord length, c r , and the corresponding pitching amplitude, η r m . The lift force on a specific wing strip changes during the flapping cycle. The average lift force on a specific strip, L r , is defined as the integral of the lift force over one flapping cycle divided by time. The lift force is positive in positive z-direction (see Figure 2 ). The average lift force of the total wing design, L R , is obtained by adding the lift force acting on the individual wing strips. The average lift force of all wings together should be high enough to allow for hovering flight.
The required power to achieve a specific wing motion is a combination of the aerodynamic power to overcome the aerodynamic loads and the inertial power to accelerate the wing. However, the average inertial power over one flapping cycle is assumed to be zero, since a resonating structure is used to achieve the wing motion. The aerodynamic power should overcome the aerodynamic loads due to the sweeping and the pitching motion. The required power for the pitching motion, η (t), was assumed to be zero, which corresponds to previous research [20] . Hence, the total required power to compensate for losses during the flapping cycle depends only on the sweeping motion. Thus,
where F d,r (t) represents the time-dependent drag force acting on the r th wing strip being parallel to the wing sweeping motion, d r is the distance between the wing root and the middle of the r th wing strip along the leading edge, and φ (t) is the time-dependent sweeping velocity. The average required power of the total wing design, P R , is defined as the integral of the required power over one flapping cycle divided by time. This model relates the wing planform and wing kinematics to the overall wing performance and, hence, it can be used to determine the optimal wing design for energy-effective hovering flight.
Roll description
Since this work aims at both energy effective hovering and roll control, the requirement for roll control needs to be added to the analysis. The roll acceleration of a hovering FWMAV can be given by (4) where M represents the body torque or moment acting on the FWMAV and I is the moment of inertia. The body torque M can be defined as F a l where F a represents an asymmetric force due to a load difference between two opposite wings, and l is a representative length, that is, the distance between the center of mass of the FWMAV and the location at which the asymmetric force, F a , acts. In this work, the moment of inertia I is determined by three terms. That is, (5) where I body is the moment of inertia of the FWMAV body without wings, which is constant in this work. On the other hand, the moment of inertia due to the structural mass of the wings, I wing structure , and the moment of inertia due to the added mass effects, I wing aero , do both depend on the chord lengths cr = c r and are, as such, depending on the wing planform design. The mass of the wing is taken as linearly dependent on the chord lengths c r .
The roll acceleration, θ, increases if the asymmetric load, F a , or the characteristic length, l, increases (i.e., if the body torque M increases) or if the moment of inertia, I , decreases. Since F a , l and I depend on the wing planform and the pitching kinematics, the roll acceleration is a function of the (previously defined) design variables: the chord lengths, c r , and the pitching amplitudes, η r m . By taking the average asymmetric load, F a , and the average representative length, l, the roll motion for the first flapping cycle can be obtained by integrating Eqn. (4) twice, yielding (6) where the integration constants are assumed to be zero and where T = 1/f represents the characteristic time with flapping frequency, f.
Effective roll control occurs when the desired asymmetric load, F a , results from minimal modifications to the reference flapping behavior of the wing design. Hence, the control variable for which the average lift force, L R , changes most effectively, needs to be determined.
Sensitivity analysis, such as (7) can be used to linearly approximate the average lift force change, ∆ L R , after a control variable modification, ∆ s. The average lift force change, ∆ L R , due to a specific control variable, s, depends on the wing planform design and the wing pitching kinematics. Using sensitivity analysis, the most effective control variable can be identified which might depend on the wing design. This work investigates several control variables: the sweeping amplitude, φ m , the overall pitching amplitude, η m (different from the pitching amplitudes η r m which determine the wing design), and the phase shift, Φ η .
Combined description
By combining the aerodynamic model and the description of roll into a single formulation, the focus is on a combination of both, and no longer on either energy-effective hovering flight or effective roll control. To achieve this, one can define a combined optimization formulation (8) where the weighting variables, w P and w θ , are added to emphasize the relative importance of either the power or the roll acceleration during optimization. In Eqn. 8, the normalized average required power, P R decreases and the normalized roll acceleration, , increases if the function F is minimized. The normalized average required power, P R , and the normalized roll acceleration, , are defined by (9) respectively, to facilitate the optimization process. P ref and θ ref are determined by an initial wing design. As mentioned before, the design variables are the chord lengths of the individual strips, c r , and the corresponding pitching amplitudes, η r m . The minimum required average lift force, L R , is added as a constraint to prevent the wing planform design and pitching kinematics not producing enough lift force to allow for hovering flight. Although the combined optimization of Eqn. (8) is a convenient way to express the problem, other formulations might work equally well (e.g., maximize normalized average lift force and roll acceleration with a constraint on the maximum available power).
The wing model is divided equally into 10 strips, resulting in a total of 20 design variables (i.e., an independent chord length, c r and corresponding pitching amplitude, η r m , per wing strip). The wing span R, the flapping frequency f, the sweeping amplitude φ m , and the phase shift Φ η remain constant during the optimization. The presented combined approach allows to investigate the interaction between the wing planform design, the wing pitching kinematics, and the requirement for effective roll control, while demanding energy-effective hovering flight.
RESULTS
This section uses the previously described models to determine wing designs (i.e., wing planforms and wing pitching kinematics) which lead to energy-effective hovering flight and roll control. First we determine wing designs while optimizing for energy-effective hovering flight only, thus, neglecting roll control. This makes it possible to show the influence of the requirement of effective roll on wing design and performance. Thereafter, effective roll control is added to the optimization formulation, and the resulting optimal wing designs are shown and discussed. Lastly, we show that the most effective control variable is strongly depending on the wing design.
Wing design for energy-effective hovering flight
Energy-effective hovering requires a certain amount of average lift force to keep the FWMAV aloft while consuming minimal power. Based on the performance of a hovering hawkmoth, the average
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Optimal FWMAV Wing Design for a Combination of Energy-Effective Hovering and Roll Control required lift force per wing is set to 0.010 N for a four-winged FWMAV weighing 4 grams. The optimal wing design to fulfill this requirement can be found using several optimization formulations (see Section 2.6). The relative importance of effective roll control during the optimization is zero (i.e., w θ = 0), since this section focuses on energy-effective hovering only. The wing design of Figure 3a is found by minimizing the average required power (see Eqn. (8)) while demanding an average lift force of 0.010 N. The minimal average power required to produce 0.010 N of average lift force using this wing design is found to be 0.039 W. The wing planform is composed by the length, c r , of the ten wing strips, represented by the (blue) bars and the pitching amplitude, η r m , of the individual wing strips is represented by the (green) asterisk. The wing planform of Figure 3a is similar to typical FWMAV wing designs. The wing pitching amplitude increases monotonically from the 2 nd to the 10 th strip towards the wingtip, which leads to a twisted wing design.
The wing design of Figure 3b is found by maximizing the average lift force. The available amount of power is 0.039 W, which is based on the optimization result of Figure 3a . The maximum average lift force of this wing design is found to be 0.0098 N which is slightly lower compared to the wing design of Figure 3a . The wing design of Figure 3b does not converge to the wing design of Figure 3a due to the flatness of the optimization problem in the vicinity of the optima. The found wing planform is less conventional than the typical FWMAV wing designs shown in Figure 3a , while the pitching amplitude again increases monotonically towards the wing tip.
The influence of the first few strips on the performance of the total wing design is marginal since the velocity close to the wing root is small compared to the velocity at the wing tip. Hence, changing the pitching amplitudes of the first few strips (e.g., for practical design considerations) will retain similar performance. The average lift force can be increased by decreasing the overall pitching amplitude by 10 degrees; however, the required average power increases relatively faster, resulting in a lower ratio between the average lift force and average required power.
Although the wing designs of Figure 3a and Figure 3b differ, they show similar performance. Additionally, the time-dependent lift force during the stroke shows only minor differences. Clearly, we could, to some extent, compensate for wing planform changes by pitching amplitude modifications to keep the performance similar [17] . The final wing design might be driven by other factors like manufacturability or control. For both cases, the average pitching amplitude is relatively high compared to the reference, constant pitching amplitude of a hovering hawkmoth which is 58˚. Additionally, the pitching amplitude increases for both cases towards the wing tip. Hence, relatively high pitching amplitudes which increase towards the wing tip are advantageous for the energyeffectiveness of the wing design. 
Wing design for energy-effective hovering flight and roll control
To control the roll, pitch or yaw motion of a hovering FWMAV, moments around the three body axis need to be generated. For symmetric four-winged FWMAV designs, roll and pitch moments are similar and generated by a difference in average lift force between opposite wings. This section investigates the roll (and, thus, also pitch) acceleration but does not consider yaw. The roll acceleration, θ, depends on the moment, M (i.e., the product between the asymmetric average lift force, F a , and the characteristic length, l), and the moment of inertia, I (see Section 2.5). The asymmetric lift force will be discussed in Section 3.3 and is assumed to be constant in this section. The roll acceleration increases if either l increases, or I decreases (see Eqn. (6) ). The characteristic length l increases if the center of lift shifts towards the wing tip, which can be achieved by increasing the wing area around the wing tip. However, this leads to an increase of the moment of inertia I of the total FWMAV since the representative mass of the wing and the added mass due to the aerodynamics are shifted away from the center of rotation. Hence, the roll acceleration clearly depends on the wing design.
To allow for the combined optimization, we need to determine the normalized average required power, P R , and the normalized roll acceleration, θ, of the wing design during optimization (see Eqn. (8) ). In order to do so, the performance of the wing design of Figure 3a is used as a reference (i.e., P ref = 0.039 W and θ ref = 5.5 rad/s 2 ). This normalization allows the different wing designs to be compared for effective roll control and average required power. The weighting variables (i.e., w P and w θ ) in the optimization formulation of Eqn. (8) specify the relative importance of energy-effective hovering and effective roll control during the optimization. The relative importance of effective roll control was zero (i.e., w θ = 0) for the wing designs of Section 3.1 and will be non-zero in this section. By applying the same asymmetric lift force, F a , to all wing designs, differences in the required average power and roll acceleration will be due to wing design changes.
The wing designs of Figure 4a and Figure 4b are found by increasing the relative importance for effective roll control in the optimization formulation (i.e, increasing the ratio between w θ and w P ). The minimum required average lift force is 0.010 N which is found for both wing designs. Both wing designs show twisted pitching kinematics since the pitching amplitude increases towards the wingtip. Table 1 compares the performance (i.e., average lift force, normalized average required power, and normalized
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International Journal of Micro Air Vehicles Table 1 : Performance comparison of different wing designs where L R is lift force, P -R is normalized average required power, θ is normalized roll acceleration, and w P and w θ are weighting variables. roll acceleration) of these wing designs with respect to the reference wing design of Figure 3a .
The wing designs of Figure 4 clearly indicate that the wing planform area shifts towards the wingtip if the relative importance of effective roll control during optimization is increased. The average required power to produce 0.01 N of average lift force increases due to this shift. The power increases from 0.039 W for the design of Figure 3a to 0.042 W for the design of Figure 4a (i.e., an increase of 7.1 %), and to 0.044 for the design of Figure 4b (i.e., an increase of 13.1 %). The roll acceleration increases by 16.3 % between the designs of Figure 3a and 4a and by 37.3 % between the designs of Figure 3a and 4b. Clearly, the roll acceleration can be increased significantly by changing the wing design. However, this causes an increase in average required power which decreases the energyeffectiveness of the hovering flight.
Comparing Figure 3a and Figure 4b clearly shows that the wing planform area is shifted towards the wingtip to increase the roll per flapping cycle for a given asymmetric lift force. Wing designs with a relatively high roll per flapping will cause a rapid reaction to asymmetric lift forces; this might cause shaky FWMAV flight behav ior since a small lift disturbance soon results in a rolling motion. Hence, there is a trade-off between rapid roll control and FWMAV hovering stability.
Kinematic control variables to achieve roll
An asymmetric lift force is required to generate body moments to achieve roll. This asymmetric lift force results from a difference in average lift force between two opposite wings. During hovering flight, the average lift force of a specific wing design can be modified using a control variable. Control variables might induce changes to, for example, the wing planform or the wing kinematics. In this section we investigate three kinematic control variables: (1) the sweeping amplitude, φ m ; (2) the pitching amplitude, η m (i.e., the overall pitching amplitude η m , which differs from the pitching amplitude of the individual wing strips, η r m , which correspond to the wing design); and (3) the phase shift, Φ η (see Section 2.3). To achieve effective roll control we investigate the kinematic control variable which leads to the highest average lift force changes for a given, specific wing design.
Sensitivity analysis (see Section 2.5) is used to investigate the effectiveness of the control variables. For each wing strip, we determine the sensitivity of the average lift force of that strip to the three control variables:
and (10) These sensitivities are calculated for different chord lengths, 1 ≤ c r [mm] ≤ 25, and pitching amplitudes, 25 ≤ η r m [˚] ≤ 89 (for clarity since the analysis requires radians: 25π /180 ≤ η r m [rad] ≤ 89π /180). Hence, we determine the effectiveness of the control variables (i.e., φ m , η m and Φ η ) in changing the average lift force for each wing strip r with specific c r and η r m · As such, we consider all possible wing designs within the design space of c r and η r m . In this section, we show only results of the control variables φ m and η m since the effectiveness of Φ η is more than one order of magnitude lower. The effectiveness of the control variables φ m and η m is similar. Figure 5 shows surface plots of the sensitivity of the average lift force, L r , for wing strips 4, 6, 8, and 10 to the sweeping amplitude, φ m , as a function of discrete chord lengths, c r , and wing strip pitching amplitudes, η r m . The marginal influence of the first few strips on the total change of the average lift force due to control variable φ m can be concluded from Figure 5a . The sensitivity values are always positive, which means that the average lift force of all possible wing designs increases if the sweeping amplitude φ m increases.
The different plots of Figure 5 show that the sweeping amplitude is most effective as a control variable when the chord length of the FWMAV wing design is maximal (i.e., c r = 25 mm) and the flapping pitching amplitude is around 53˚. For this most effective configuration, the sensitivity is found to be 0.035 which means that the reference lift force of 0.01 N changes approximately 3.5 % if the sweeping amplitude changes with 0.01 rad (i.e., ≈ 0.6˚). Although control variable φ m is most effective if the pitching amplitude of the wing design is around 53.0˚, the effectiveness only slowly decreases when the wing pitching amplitude, η r m , deviates from the optimal angle. Figure 6 shows surface plots of the sensitivity of the average lift force, L r , for wing strips 4, 6, 8, and 10 to the pitching amplitude, η m , as a function of discrete chord lengths, c r , and wing strip pitching amplitudes, η r m . Again, the marginal influence of the first few strips on the total change of the average lift force due to control variable η m can be concluded from Figure 6a . Unlike the sensitivity plots of Figure 5 , the sensitivity values as shown in Figure 6 are both positive and negative. Hence, it depends on the wing design (i.e., the pitching amplitudes η r m ) whether or not an overall change of the control variable η m results in a positive or negative change of the average lift force.
The different plots of Figure 6 show that the pitching amplitude is most effective as a control variable when the chord length of the FWMAV wing design is maximal (i.e., c r = 25 mm) and the pitching am-plitude is either minimal (i.e., η r m = 25.0˚for highest positive sensitivity) or maximal (i.e., η m = 89˚for highest negative sensitivity). For these most effective configurations, the positive and negative sensitivity are found to be 0.025 and -0.027, respectively. Although control variable φ m remains effective over a large range of wing design pitching amplitudes η r m (see Figure 5 ), the effectiveness of control variable η m changes rapidly over different wing pitching amplitude designs and is even zero around η r m = 53.0˚. Figures 5 and 6 clearly show that the most effective control variable to achieve an asymmetric lift force depends on the wing design. However, both figures clearly indicate that the average change in lift force due to a control variable change increases if the length c r of the wing strips close to the wing tip increases. Hence, the wing design of Figure 4b (i.e., with the largest wing strip at the wing tip) would be more effective in generating asymmetric lift forces using the currently investigated control variables than the wing design of Figure 3a (i.e., with the largest wing strip at the wing root).
CONCLUSIONS
This paper presents a combined approach to find an optimal wing design (i.e., wing planform and pitching kinematics) for energy-effective hovering and roll control. Results show that the wing design depends significantly on the relative importance of either energy-effective hovering or effective roll control during the optimization.
This work presents three key findings. First, several wing designs perform similar if the aim for effective roll control is omitted during the optimization and focus is on energy-effective hovering only. Hence, the final wing design might be determined by factors like manufacturability or control. Second, if the relative importance for effective roll control is increased during the optimization, more wing area will be located around the wing tip. In effect, the roll motion becomes more effective when the center of lift is shifted towards the wing tip. Third, the wing design affects the most effective kinematic control variable to enforce the required body moment for the roll motion. Hence, the wing design plays a dominant role in implementing control methods to induce the FWMAV roll motion.
In conclusion, a combined approach is required to guarantee both energy-effective hovering and effective roll control. Although this work considers wings with a specific dimension, this study is of interest to flapping wing design in general since requirements on hovering and control are universal in FWMAV designs.
